Abstract. The soil cover requirement for horizontally bent buried pipeline is discussed. 
Introduction
Cross-country pipelines are very common worldwide. Although some are utility pipes, such as water, many of them are used in the oil industry to transport gas and other petroleum products. These pipelines are often buried underground. Due to reasons related to the terrain, economy, and right of way, it is sometimes necessary to bend the pipe; this paper is concerned with horizontal-type bends. Compared with straight ones, the behavior of bent pipes is quite different and more complicated; this is particularly true under temperature rise. In order to fully and deeply study this problem, many variables need to be accounted for. These variables include the pipe diameter, pipe thickness (or D/t ratio), [24] , Audibert and Nyman [25] , Peng [26] , Nyman [27] , Hsu [28] , Goodling [29] , and Ng et al. [30] conducted more studies.
An extensive laboratory study of the uplift and lateral movement of buried pipes was carried by Trautmann et al. [31, 32] , and the results were compared with that of Ovesen [33] , Vesić [24] , Audibert and Nyman [25] , and Row and Davis [34] . Hsu [35] studied the velocity effects, while Dickin [36] and Poorooshasb et al. [37] carried out some centrifuge model studies.
Horizontal Bend Problem and Research Program
Buried pipelines could experience significant longitudinal deformations due mainly to temperature rise (because of the hot fluid) and internal pressure; as a result, instability problem could arise if there is a bend. The earth pressure of the confining soil helps in resisting the movement; therefore, the strength of the soil is quite important to keep the buried pipe bend adequately restrained against excessive deformation. Even though they have proven to be inadequate in modeling the actual field behavior of pipe-soil systems, classical theories-based methods have been and are still being used. Lately, some numerical methods are utilized as summarized above but due to the effort required in modeling the complex pipe-soil composite system, their application is limited. In the current research, a very comprehensive investigation on the soil cover requirement and stability of horizontally bent pipelines is carried out utilizing three-dimensional finite element modeling. This problem of horizontally bent pipelines is commonly encountered in field, especially in the oil industry. The parameters considered in this study include the pipe diameter, pipe thickness, bend radius, bend angle, internal pressure, fluid specific weight, temperature change, overburden height, pipe material, and soil type. With all these variables accounted for, a general method for the analysis and design of buried horizontal bends is developed.
Several steps are followed to execute the research program and achieve the objectives.
First, a literature survey on the subject is done. Second, an appropriate software package, which serves our needs, is chosen. Next, a three-dimensional FEM model, which is capable of simulating the soil-horizontal pipe bend system, is set and validated. After that, a complete and comprehensive analysis, taking into account the combinations and interactions among all the variables stated above, is carried out. Finally, utilizing the results from the previous step, regression models, which can be used for the analysis and design, are developed.
Material Models
The material of the pipe used in the study is steel. Any grade can be used; however, the behavior was assumed to remain within the linear elastic range, as the working stress is usually restricted to be below the yield strength with an appropriate safety factor. Soil, on the other hand, is neither linear nor elastic. Sand, which is the most common type in the local environment, was used in the investigation; therefore, and among other tried theories, Mohr-Coulomb material model was assumed as the failure criterion. For the material parameters needed in this research, the steel properties are specified by the manufacturer and/or standard(s), while for loose/uncompacted sand, which is always used as the trench backfill material, the necessary experiments, e.g. triaxial and direct shear tests, were carried out to determine all needed strength parameters; the angle of internal friction (φ) = 35º, and the cohesion (c) = 0. For the "artificial" (fictitious) interface/joint elements, the properties assumed are discussed in the numerical analysis section of the paper.
Preliminary Validation Runs
Before carrying out the full numerical analysis and the parametric study, some preliminary considerations are warranted. First, the software to be used for the analysis was selected. Among many options and taking many factors into considerations, the program Structure Medium Analysis Program (SMAP-3D) [38] was chosen. This FEMbased package met our needs when the features it has were inspected. For the pre and postprocessing, the program Finite Element Modeling And Postprocessing (FEMAP) [39, 40] was utilized, as will be discussed in a later section of the paper.
With the absence of previous experimental and/or analytical work in the same or similar area, it became quite necessary to test and validate the models and procedures used in this study. In order to study and compare individual structural response and phenomena, several numerical tests were run. The arching effect of the soil, the discritization, mesh refinement and element size effect, and the soil resistance to the lateral movement of a straight pipe were all examined.
The arching effect of very flexible and rigid pipes was checked. Several runs were executed. The elastic moduli assumed were 200 GPa (29000 ksi) and 690 MPa (100 ksi), the thicknesses were 152 mm (6 in.) and 6.35 mm (0.25 in.) for the rigid and flexible pipes, respectively, while the diameter selected was 1219 mm (48 in.) for both. Cover were used. Deformations as well as stresses were obtained. The results were compared with the formulas of Marston and Anderson [41] and found to be similar in the overall behavior and trend. However, the equations were based on certain assumptions and approximation leading to the belief that as far as numbers are considered, the FEM solution is more accurate. Details can be found in ref. [42] .
Since the 3-D soil-horizontally bent pipe system is quite involved, as far as the FEM is concerned, it is important to generate a mesh which is reliable as well as optimum/efficient and which can run in the computer and with the software at hand. As a result, many meshes, with different discritizations and element sizes, were used in trial/test runs. For example, four different two-dimensional meshes, which were used to generate the threedimensional meshes as will be discussed later in the paper, are shown in Fig. 1 ; they range from a very fine mesh with all square elements to a relatively coarse mesh with slender elements. When a horizontal line force (force per length) is applied on the center (springline) of the pipe, the pipe tries to move horizontally in the same direction. Such results obtained for the meshes with different densities are plotted in Fig. 2 . As can be seen, all results are close to each other, concluding that no need to have a "too refined" mesh with square elements; the relatively coarse meshes are "good enough".
To further validate the model for the horizontal movement of buried pipes (before starting the full bend analysis), the well documented and cited experiments carried out by Trautmann and O'Rourke [32] [also appeared in other previous publications] were simulated by a 3-D FEM mesh, and the two results were compared. The use of the findings of their full-scale laboratory tests has been recommended in different publications such as ASME B31.1 [43] and CGL [44] . The pipe diameter was 101.6 mm (4 in.), the thickness was 6. The maximum force obtained in the analysis was chosen to be the point in the loaddeformation plot beyond which the curve became relatively flat. The strength of the soil against the lateral movement of the buried pipe, quantified by a dimensionless factor N h , for each run is shown in Fig. 3 along with the experimental data of Trautmann and O'Rourke [32] . It can be noticed that good agreement is obtained in some of the points, while some discrepancies are present in others. In particular, the over prediction for larger cover depths could be attributed to the fact that analytical models do not account for the large volume reductions which occur during shear. For the dense sand, one of the possible reasons for the difference could be related to the value used for φ. In the experiment, a direct shear test was used to determine it, while in the 3-D FEM analysis it is more appropriate to use the value from a triaxial test, which was not reported in the lab tests; the difference between the two values could range from 1 to 5 degrees. In addition, as stated by Trautmann and O'Rourke, there could be some uncertainty/variation in the measurement of φ (between different researchers); moreover, the "exact" determination of the maximum force in some cases was not possible. It is also worth mentioning that, as stated in the original paper, in some previous work the force was overpredicted by as high as 200%. We may add that in the field (especially in oil industry), the depth (or H/D ratio) rarely, if ever, gets as high as the values used in the experiments for the deep pipes, which gave the largest error/difference. Reference [45] shows more details and it can reviewed.
Finite Element Modeling and Analysis
The next step, which is the major one, in this study is the finite element modeling of the 3D system and the analysis which follows. The procedures are summarized below.
Virtual Anchor and Influence Length. The so-called virtual anchor and influence length of the pipe are needed to be introduced first. Cross-country buried pipelines could run for hundreds of miles (kilometers), which can be considered mathematically as infinitely long. Thus, when a bend is to be analyzed or designed, a "virtual anchor" needs to be assumed or specified in order to "truncate" the pipe/soil system. A typical model for buried horizontal pipe bend is drawn in Fig. 4 . The lateral movement of a horizontal pipe bend is resisted by the passive soil pressure σ h , as shown in Fig. 4 , and the shear strength of the soil τ s . When a buried pipe is moved horizontally, the soil displacement field around the pipe causes it to move in an upward direction as well, as illustrated in Fig. 5 . Thus, in addition to the resistance given by the soil, the movement of the pipe is also counteracted by the weight of the pipe and its contents. When a straight pipe connected to a bend expands due to a temperature increase and/or internal pressure, it causes the bend apex to move. In addition to the bend, a length of the straight pipe also moves transversely relative to the soil and it is called influence length L inf , as shown in Fig. 4 . The lateral movement along the influence length is caused by the in-plane bending moment transferred by the bend to the straight pipe. It is given by:
which is the length at which the hyperbolic function given by Hetenyi [23] approaches unity; β is a parameter which represents the pipe-soil system characteristics that depends on the modulus of subgrade reaction, k, and the pipe stiffness, EI (elastic modulus and moment of inertia). Thus, according to ASME B31.1 [43] :
The friction between the pipe and the soil restrains the longitudinal movement of the straight pipe relative to the soil. The maximum movement occurs at the end of the pipe where the bend is connected and starts to be reduced from there to a point beyond which there is no movement of the pipe relative to the soil. It is that point which is called virtual anchor. The location of the virtual anchor, L va , is required for the geometry and to provide the appropriate boundary conditions for the three dimensional mesh. ASME B31.1 [43] recommends the following formula:
where Ω is an effective length parameter given by:
F max is the maximum axial force in the pipe; f is the unit soil friction force along the pipe;
A is the cross-sectional area of the pipe.
FEM Modeling and Mesh Generation. As a semi-infinite domain extending
infinitely in the horizontal direction and downward, the soil system needs to be truncated at a place where the geo-static condition exists. The limits used to truncate the FEM mesh and specify the free field condition are illustrated in Fig. 6 . These limits were concluded based on the observation made during the trial/test runs, using the SMAP and CANDE [46] programs, as well as the recommendations stated in the literature (e.g. Altaee et al.
[21] and Row and Davis [34] ). Each of the width behind and below the pipe was taken as the larger of that required by the gravity loading and that required for the pipe horizontal movement.
The development and generation of the three dimensional mesh of the soil-pipe bend system was achieved using the program FEMAP. The strategy used in that program was, first, the generations of a two dimensional mesh along the pipe cross-section; then the two dimensional mesh was extruded along the pipeline longitudinal axis to obtain the desired three dimensional mesh. For the soil, continuum elements characterized by MohrCoulomb failure theory were used, while for the pipe shell elements were utilized. For the pipe-soil interface, joint elements were assumed to exist. Since the joint element occupies a region which does not physically exist, it is therefore desirable to keep the thickness of the element as small as possible; however, during the validation runs it was found that convergence could not be achieved when a very small value for the thickness was used.
Therefore, the smallest possible value was used; it came out to be D/40 where D is the pipe diameter. In addition, the numerical analysis came out to be sensitive to the value of the shear parameter, G, used for the interface element; this is due to the longitudinal movement of the pipe relative to the soil. After many trial numerical tests, a value of 172 kPa (25 psi) came out to be appropriate as long as the cover depth was not less than 305 mm (12 in.). For shallower pipes, a smaller value for G needed to be used. Figure 7 shows a typical two dimensional mesh which was used to generate the three dimensional mesh. For the pipe ring, 24 linear shell elements were used. As stated above, continuum elements characterized by Mohr-Coulomb model were utilized for the soil except a layer of elements just behind the pipe; it was assigned a linear elastic model. This was required because as the pipe moved laterally, a void was generated behind the pipe, which caused solution instability if Mohr-Coulomb criterion was used for these elements behind the pipe. As the 3D mesh size could get very large, especially if there is a lack of (some) symmetry, a compromise between the element size/aspect ratio and the accuracy needed was made (using and taking advantage of the conclusions and observations made during the preliminary runs discussed before). However, it can be seen from Fig. 7 that a very fine mesh and square, or almost square, elements were kept in the critical regions, e.g. segments 1 to 3. The next step was the extrusion of the 2D mesh to a 3D mesh. Due to the nature of the problem and the boundary conditions, this procedure is quite lengthy and relatively complex in geometry, so detail is not presented here since it is mainly geometric manipulations [47] . However, a typical generated 3D mesh is shown in Fig. 8 in which the one plane of symmetry was taken advantage of such that half of the domain only is shown
with appropriate boundary conditions.
Loads on Pipe
The loads which act on the pipe include the soil above it, the pipe weight and its contents, the internal pressure, and the temperature. Since the problem is nonlinear, the loads were applied in increments and within each increment iterations were performed until the solution converges. From the experience gained from the previous runs, and after many trial tests, the loading was divided to 20 steps. If there was any numerical instability or divergence, then appropriate parameters were tuned and a rerun was carried out until convergence was achieved.
Parameteric Study
From the preliminary work and setup discussed above, confidence was gained such that a general and comprehensive parametric study was prepared and made ready to be executed. Utilizing the FEM, an extensive and lengthy numerical analysis program was carried out; the results of interest were extracted from the large volume of output obtained.
Full details of the runs are not presented here, but rather sample results and key issues are included in the paper.
The variables/parameters studied in this research are the pipe diameter, overburden height, bend radius, bend angle, pipe thickness (diameter/thickness ratio), internal pressure, fluid specific gravity, temperature change, allowable stress, safety factor, modulus of soil reaction, and Winkler spring coefficient. The ranges (minimum-maximum values) for these parameters are listed in Table 1 . In the FEM runs, carefully selected values were used within the ranges; more emphasis was placed on critical values/limits and intermediate points in order to develop reliable and general models as will be discussed later in the paper. Many different combinations of the variables were considered in the analysis so that the effect of each individual parameter as well as the interaction among them were all taken into account.
Before elaborating more on the results, it is first important to define the capacity of buried pipe horizontal bends due to the applied loads which include temperature change, gravity loads, and internal pressure. There are two different ways to define such a capacity. The first one, which is economical and named by the authors as the ultimate temperature/load method defines the point when the soil reaches its passive strength due to the pipe horizontal/vertical movement. This implies that the pipe will move a distance before the shear failure, which means that the soil would "flow" under the pipe. This may lead to a continuing process with time until the pipe is exposed. Such an action is not allowed by some oil companies like Saudi Aramco; thus, it is not considered here even though some results were obtained. The second way or method for calculating the capacity is termed by the authors as the installation condition method. In this method, the upward movement of the bend under the action of the total loading is restricted to the installation condition, which is defined as the state of the trench before the pipe is placed. After the installation of the pipe is complete, there will be initial/permanent settlement due to the weight of the soil cover and pipe. According to this method, the allowed upward movement of the bend apex due to the temperature rise and internal pressure is equal to that initial settlement. In calculating the total initial settlement by the FEM, it is necessary to subtract the contribution from the mesh below the pipe under its own weight (before placing the pipe and filling the trench) from the total settlement. More details can be found in ref. [47] .
A complete list of the results from the analysis was obtained; however, due to its large volume, a summary sample is presented in Table 2 . These results, which were extracted from the whole output, are a partial list of the results of interest that were used to develop general models as will be explained below. The 3D FEM analysis took several months to run on the latest Pentium process. Most of the time, each single run took several hours to complete, while some took few days, even though every effort was made to optimize as well as minimize the runs (without affecting the results). For the full results, ref. [48] can be consulted.
Regression Analysis
The database generated from the FEM analysis was utilized to develop regression models for the horizontally bent pipelines. The dependent variable could be set as the ultimate temperature change, ∆T, or the required cover height, H. The design variables used in developing the regression equations are the depth of cover, or the ultimate temperature change, pipe diameter, diameter/thickness ratio, radius of bend, angle of bend, internal pressure, and specific gravity of the transported fluid.
A correlation matrix was obtained in order to check the relationships among the different variables used in the development of the regression models. Upon examining such a matrix, it was found out that the resulted models could be improved if the data was grouped according to the behavior. Therefore, after studying deeply different possibilities, it was found best if these groups were formed based on the bent angles. The first group was for small pipe bends (from 1º to 15º), the second group was for intermediate pipe bends (from 15º to 45º), and the third group was for large bends (from 45º to 90º). Thus, separate models were generated for each group of data.
The regression analysis was performed utilizing the program package STATISTICA 6.1. Table 3 presents the resulting regression equations for the three groups of data. The original database used and the analysis carried out were in U.S. customary units as shown in the table; thus, the coefficients and the variables in the models must be in such units.
The conversion factors from these units to the SI units are written at the bottom of the table; however, such conversion factors are programmed in the computer so that the user can select the SI units, and the program automatically converts the SI units into the appropriate units at the beginning of the analysis and at the end to show the results in the standard SI units. The SI units user does not "feel" it. The authors thought that this is the easiest/best way of doing it for two main reasons. First, it is not worth changing all the units in the database, regression analysis, etc. since the program accepts either of the two systems of units and make the appropriate conversion without the user's interference.
Second, some societies/associations/individuals still use the U.S. Customary units, or at least they allow their usage. It can be noticed in Table 3 that all coefficients of determination, R 2 , are higher than 0.880. In addition, all confidence levels are higher than 99.99%.
Since in oil industry either the minimum required cover height, H, or the maximum allowable temperature change, ∆T, is needed, then two forms of the regression equations are written. One is used to determine ∆T as a function of the other variables; this form is appropriate for checking existing situations/design. The second form is utilized to calculate H as a function of the remaining variables; it is suitable for the actual (initial) design of the bent buried pipelines at hand. For data values falling between two different groups, the computer program makes the necessary and appropriate interpolations.
Buckling of Buried Pipelines
Large pipes with small thickness are liable to different types of buckling. In some cases, a buried pipe could buckle before it tries to bow up; therefore, it is important to check buckling along with the analysis/check discussed above. The subject of shell-type structure's buckling could get complicated; the buckling of "flexible" buried pipes is even more complex. A comprehensive survey of the literature on the subject is carried and is summarized below. No "exact" theories and/or full experimental work exist for all possible modes of buckling for such a structural system. Thus, whatever appropriate work carried in the past, which could be applicable in this study, was utilized in the current research. Of course, this implies that the assumptions/limitations of those works must also be carried to this study; the references cited can be consulted for full explanations and details. The buckling modes accounted for in these investigations are listed below.
(
1) Buckling of cylindrical shells under the action of uniform axial compression:
axial buckling by warping [49] [50] [51] [52] .
(2) Buckling of cylindrical shells under the action of uniform external pressure: ring buckling [49, 50, [53] [54] [55] [56] .
(3) Pure bending buckling: wrinkling due to longitudinal bending [50, 53, [57] [58] [59] [60] [61] [62] [63] [64] [65] .
(4) Lateral beam and shell buckling: Beam-column/shell [50, [66] [67] [68] [69] [70] [71] .
(5) Buckling due to the combined effect of the stress components: [53, 72, 73] .
A buckling mode for initially-bent pipes was not considered here; this is because the pipe has to buckle vertically while the initial bend (delta) is in the horizontal direction. Thus, this "initial imperfection" was ignored.
The above buckling modes were checked utilizing the results of the FEM analysis. If there was any kind of buckling, then the problem had to be reanalyzed/redesigned again after making the necessary modifications (e.g. increase the pipe thickness). More details can be found in ref. [74] .
Computer Software
After completing a lengthy and comprehensive research program on buried pipelines, from which the results presented in this paper was extracted, a software package, named by the authors Analysis and Design of Buried Pipelines (ADBP), was developed for personal computers [75] . It is users' friendly and quite general on that particular subject.
All desired analysis, design, and checks are carried out in it; it is well-tested, robust, and can easily be expanded.
Summary and Conclusions
A comprehensive three dimensional finite element analysis of horizontally bent buried pipelines was carried out to study the soil cover requirement and stability due to loading.
The loads include gravity, internal pressure, and temperature variations. The factors of importance include the pipe diameter and thickness, the radius and angle of bend, the material used, the soil cover height, the temperature change, the fluid specific weight, and the internal pressure. Good regression equations were derived from the results obtained;
they calculate the maximum allowable temperature rise and the minimum overburden cover requirement. The entire research results were incorporated into a computer program.
The resulted software is capable of making all necessary analysis, design, and checks. Tables   Table 1 Range of parameters considered in the study   Table 2 Maximum temperature change Table 3 Generated models for the ultimate change in temperature for pipes with horizontal bends 
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